We introduce a point-like scanning single-photon source that operates at room temperature and offers an exceptional photostability (no blinking, no bleaching). This is obtained by grafting in a controlled way a diamond nanocrystal (size around 20 nm) with single nitrogen-vacancy color-center occupancy at the apex of an optical probe. As an application, we image metallic nanostructures in the near-field, thereby achieving a near-field scanning single-photon microscopy working at room temperature on the long term. Our work may be of importance to various emerging fields of nanoscience where an accurate positioning of a quantum emitter is required such as for example quantum plasmonics. * Electronic address: serge.huant@grenoble.cnrs.fr
I. INTRODUCTION
An ideal source of light for various rapidly developing fields such as quantum-optics [1, 2] , optomechanics [3, 4] and plasmonics [5, 6, 7] would consist of a single quantum emitter with extreme photostability at room-temperature (RT) and adjustable position with nanometer accuracy in all three dimensions. In this respect, active tips made of a single fluorescent object attached to an optical tip are very promising since they can benefit from progresses made in tip manufacturing and nanopositioning systems for scanning-probe microscopy, e.g. near-field scanning optical microscopy (NSOM). Here, we introduce a point-like scanning single-photon source that operates at room temperature and offers an exceptional photostability (no blinking, no bleaching at all). This is obtained by grafting within an all-optical process a diamond nanocrystal (size around 20 nm) with single nitrogen-vacancy color-center occupancy at the apex of an optical probe. As an application, we image metallic nanostructures in the near-field, thereby achieving a stable RT near-field scanning single-photon microscopy. This microscopy opens up new possibilities for some emerging branches of nanoscience where an accurate positioning of a quantum emitter -or detector-is required such as for example quantum plasmonics [5, 6, 7] and high-resolution high-sensitivity magnetometry [8, 9, 10] .
Manufacturing a point-like scanning single-photon source faces a doubly challenging issue: a suitable quantum emitter must be identified and then attached onto the tip. In principle, single molecules with their point-like transition dipole moment [11, 12] are ideally suited but in practice they are limited to low-temperature operation and eventually suffer from photobleaching. Colloidal semiconductor nanocrystals work in ambient conditions and are single-photon emitters [13] . However, despite promising progress in photostability [14] , they still undergo intermittency of their emission [15] (i.e. blinking) which can be sensitive at the single object level [16] (a notable exception are CdZnSe/ZnSe nanocrystals [17] reported very recently) and can possibly bleach as well [17, 18] . Interestingly, epitaxial quantum dots are very photostable but, despite the steady increase in their working temperature [19] , they still do not work at RT and are very difficult to manipulate in 3D. Rare-earth doped oxide nanoparticles of sizes in the sub-10 nm range are extremely photostable RT emitters [20, 21] but, in spite of their small size, their fluorescence originates from a large ensemble of doping ions, so that single-photon emission remains elusive so far.
Color-centers in diamond [22] , in particular nitrogen-vacancy (NV) centers, appear to reconcile all of the above criteria since they are RT single-photon emitters [23, 24] , their photostability is well-established [23] (no blinking, no bleaching) and they are hosted by nanocrystals with steadily decreasing sizes thanks to progresses in materials processing [25, 26, 27, 28] . Early use of NV-center doped diamond nanocrystals in NSOM active tips [29] was, however, limited by the size of the hosting crystal which was beyond the 50 nm range, so that the promise of single NV-occupancy, i.e. single-photon emission, was counterbalanced by size excess that prevents positioning with nanometer accuracy. The recent spectacular reduction in size [25, 26, 27, 28] of fluorescent nanodiamonds (NDs), down to approximately 5 nm in the latest reports [28] , suggests that such limitation no longer exists and that active optical tips made of an ultra-small (well below 50 nm in size) ND with single NV-occupancy should be possible to achieve.
In this article, we describe a simple and thoughtfully easy-to-reproduce method for developing ND-based scanning single-photon sources and, in a proof-of-principle experiment, we validate such sources in NSOM imaging, thereby realizing what turns out to be the first scanning single-photon microscopy working at room temperature on a long term. We anticipate many interesting applications to this new optical microscopy.
II. PRINCIPLE AND RESULTS
Our scanning single-photon sources are produced in a single transmission NSOM [18, 26] environment. We successively use the optical tip for the imaging and selection of the very ND to be grafted at the tip apex, controlled attachment of the latter, and subsequent NSOM imaging of test surfaces. A sketch of the optical setup is shown in Fig. 1 . The NV-center emission is excited with the 488 nm line of an Ar + -Kr + continuous-wave laser that is injected into an uncoated (not metalized on its side) optical tip and is collected into a multimode optical fiber (core diameter: 50 µm) through a 60×, NA 0.95 dry microscope objective.
The remaining excitation light is removed by means of a dichroic mirror complemented either by a band-pass filter centered at 607±35 nm for photon counting and imaging or a long-pass filter (> 532 nm) for spectra acquisition of the neutral and negatively-charged NV centers [30] . The collection fiber can be connected either to an avalanche photodiode detector (SPCM-AQR 16, Perkin-Elmer, Canada) for imaging and optical control of ND manipulation (channel A), to a charge-coupled device attached to a spectrometer (channel B), or to a Hanbury Brown and Twiss (HBT) correlator (channel C). In the HBT module, the signal is separated by a 50/50 beamsplitter and focused onto two avalanche photodiodes (SPCM-AQR 13, Perkin-Elmer, Canada) that are linked to a time-correlated single-photon counting module (PicoHarp 300, PicoQuant, Germany). A long-pass filter (750 nm) and a diaphragm placed in front of each detector eliminate most of the detrimental optical crosstalk. Fluorescent NDs used here are produced in the same way as in our previous studies [26] .
They are obtained from type Ib synthetic diamond powder with particle size centered around 
H + /cm
2 ) to generate vacancies in the diamond lattice. Thermal annealing is used to activate migration of vacancies towards nitrogen impurities, thereby efficiently forming NV centers. Acid treatment and washing with water lead to a stable aqueous suspension.
Intense ultra-sonification disperses the particles at their primary size and results in a very stable colloidal suspension. A 10 µl droplet of this suspension is spin-cast on a fused silica microscope cover-slip for the purpose of optical experiments. Apart from careful washing, this cover slip did not receive any particular treatment.
We now describe the all-optical modus operandi that we have engineered to trap in a controlled way a well-selected single ND at the optical tip apex. The uncoated optical tip (see Appendix A) is covered with a thin layer of poly-l-lysine (molecular weight: 30000 -70000 u), a polymer which has the property of homogenously covering the tip, including the apex (radius of curvature below 30 nm), as checked by scanning-electron microscopy. In addition,
poly-l-lysine is positively charged. This facilitates electrostatic attraction of the NDs which bear negatively charged carboxylic groups on their surface due to the acid treatment. This polymer-covered tip is glued on one prong of a tuning-fork [31] for shear-force feedback and mounted in the NSOM microscope.
The first step of our procedure is to image the sample fluorescence to the far-field by scanning the surface under the optical tip with a very large tip-sample distance of 3 µm. This allows for selecting an interesting area with isolated NDs. In a second step, the tip is brought into the surface near-field by using shear-force regulation. A near-field fluorescence image together with a shear-force topography image are simultaneously recorded at a rather large tip-sample distance of about 50 nm (usual cruise altitudes for NSOM imaging are between 20 and 30 nm) in order to identify an isolated ND with small size and a fluorescence level among the lowest-intensity spots detected in the entire scanned area. This last point is taken as a hint that this very ND presumably hosts a single color-center. Although our setup is able to check this essential point in situ by photon-correlation counting [26] , we found it more convenient to control the single NV-occupancy after grafting of the ND.
Then, the next step is the ND attachment. This is accomplished "manually" during scanning by strengthening the shear-force feedback [31] so as to approach to the surface vertically at a distance around 30 nm at the very moment where the optical tip is facing the desired ND. This shear-force strengthening is maintained for typically two scanning lines and then After the attachment process, the image acquisition is completed and no additional ND is grafted to the tip thanks to the rather large tip-to-surface distance of around 50 nm. This is the reason why the 40 nm in-height ND cluster (possibly made of 3 NDs) seen in the lower left quarter in Fig. 2b is not trapped by the scanning tip. It is worth noting that an accidental fishing of an additional fluorescent ND would immediately translate into an increased fluorescence background emanating from the tip: this provides us with a "safety procedure" for ensuring that such an accidental can actually be detected. Now, the functionalized tip needs further optical characterization since the embarked ND was elected from guesses that it should host a single color-center. To check this important point, we carried out photon-correlation measurements and spectrum acquisition of the functionalized tip after having moved the tip far above the surface (distance of 10 µm), laterally displaced the sample to a ND-free region, and focused the collection objective onto the probe apex. Fig. 2c shows the second-order time-intensity correlation function g (2) (t) (see Appendix B) for the functionalized tip obtained after subtracting the random coincidences caused by the background light [26, 32] . The correlation function exhibits an anti-bunching gap at zero delay with g (2) (0) going far below 0.5 (i.e. g (2) (0) ≃ 0.1). This unambiguously confirms that a single NV color-center, acting as a single photon nano-source [24] , has been attached at the tip apex. This NV center is an uncharged one as additionally revealed by the optical spectrum of Fig. 2d which exhibits the characteristic zero-phonon line of the neutral NV center at 575 nm [30] .
Our method is highly reproducible and reliable. We have repeatedly functionalized tips on-demand with a desired number of well-selected NDs in addition to the single ND case described above. For example, as a demonstration of the flexibility of our method, we have been able to successively seize five NDs onto a tip apex, to free all of them at once by knocking the tip on the surface, and to fish them back one by one. In addition, in contrast with previous attempts with polymer-free tips which released the embarked nanocrystals within an hour [33] , the ND remains attached at the apex for days so that the functionalized tip can not only be fully characterized, but can also be used for subsequent experiments or imaging.
An example of such imaging is shown in Fig. 3 . Here, we used the functionalized tip of Fig.   2 and a test sample made of 250 nm wide and 40 nm thick chromium lines and parabola that have been lithographically patterned on a fused silica cover slip. For this proof-of-principle experiment, chromium has been preferred to gold or silver to avoid undesired fluorescence from the metal. The collection light was spectrally restricted by proper filtering to the NV emission and the scanning height was set at 20 -30 nm. As can be seen from Fig. 3 , details in the structures are seen in all three images. In particular, the optical image clearly reveals the metallic structures as non-transmitting dark lines with a good contrast although it is recorded with the fluorescence light emitted by a single NV center only. The distinctive bright decorations seen on each side of the chromium structure are possibly due to the finite optical reflectivity of chromium or to modifications of the NV-center dynamical properties (e.g. change in the excited state lifetime) when the tip probe approaches the nanostructure edges [34] . Such effects have been recently reported on nanodiamond emitters located in the vicinity of metal nanostructures [6] . More experimental work at shorter tip-surface distances is required to sustain this view.
An interesting feature of the scanning single-photon near-field source is the spatial resolution that it can potentially offer. The chromium parabola in Fig. 3 has been patterned in such a way as to offer a variable gap with the adjacent line. Our aim was at inferring a spatial resolution for our setup from its ability of resolving two adjacent similar objects, in agreement with the basic definition of a resolving power, rather than from the lateral extension of the rise in the optical signal. In addition, for this particular line-parabola doublet shown in Fig. 3 , a lithography failure brought incidentally the minimum gap to approximately 120 nm (Fig. 3a) . As seen in Fig. 3c , this 120 nm gap is resolved in the optical image. This indicates that the spatial resolution is at least in this range, i.e, much better than with the initial uncoated tip which offers resolutions limited to about 400 nm [26] .
Moreover, the near-field optical probe reported here acts as a genuine scanning point-like dipole emitter. This is in contrast with metal-coated aperture tips which bear a polarizationdependent annular charge density around the apex [35] . As a consequence, such aperture tips exhibit a double-lobe distribution of the electromagnetic field at the apex that artificially duplicates the imaged objects so that the resolution they offer is ultimately limited by the free aperture diameter (50-100 nm) at the tip apex [35, 36, 37, 38, 39] , not by the scanning height (see Appendix C). Point-like dipolar emitters do not exhibit such a splitfield distribution, so that their potential resolution should thus ultimately depend on the scanning height h only [12] . Interestingly, the ND-based active tip introduced here could fully exploit this potentiality because the NV quantum emitter is hosted by a matrix of a genuine nanometer extension. This stresses the key role played by height control in future developments. In the present proof-of-principle experiments, we have set a safe lower bound to tip-surface distance at approximately 20-30 nm to avoid too strong friction forces to be applied to the tip apex [31] , thereby preventing a too rapid release of the 20-nm sized illuminating ND. We were then able to use our functionalized tips for several days for image acquisition or other measurements.
The potential of our scanning single-photon point-like source goes well beyond highresolution optical imaging. Indeed, an important point to emphasize is that the optical image of Fig. 3c is acquired with a single-photon source used for illumination so that only one photon is interacting with the nanostructure at any time, even in the continuous-wave regime of the laser illumination [40] (see Appendix D). This in turn means that the imaging procedure reported here can be viewed as a scanning single-photon near-field microscopy working at RT (note, however, that the nanodiamond emits an average of 10 7 photons per pixel due to the integration time of 100 ms). It can be anticipated that such a microscopy will offer interesting new prospects to quantum optics at the nano-and micrometer scales.
First, it would be possible to study in a local and controllable way the influence of the optical environment on the emission properties of a quantum system, i.e., the NV center. In particular, the complex influence of the environment on the optical local density-of-states [34, 41] (optical LDOS) could be analyzed. Other perspectives concern the strong coupling regime and the interaction between NV centers and a second quantum emitter (e.g. a colloidal quantum dot [17] ) through fluorescence resonance energy transfer (FRET). Such possibilities are specific of our scanning single photon source and could not be envisaged with usual aperture NSOM probes (even coupled to an external single photon source) due to the double-lobe distribution of the optical near-field generated by the aperture [35, 36, 37, 38, 39] .
III. CONCLUSION
In summary, we have presented a simple and reproducible method for functionalizing optical tips with an individual ND hosting a single NV color-center. Our all-optical method allows each step of the tip functionalization to be carried out in a single setup working in a flexible ambient environment. This includes the selection of the object, its grafting onto the tip and its subsequent on-demand excitation by simply injecting light into the substrate optical fiber. In the latter case, such a tip realizes a genuine scanning single-photon source operating at RT that is very photostable and useable on a long-term for various experiments.
We anticipate that such ND-functionalized optical tips and its related scanning single-photon microscopy will be of interest to many applications where an accurate positioning of a quantum object is essential [42, 43] such as, for example, ultra-high resolution and sensitivity magnetometry [8, 9, 10] . Of particular interest too will be to probe the ultimate optical resolution actually offered by point-like emitters [12] . Other applications include mapping of the optical LDOS of surfaces [34, 41, 44] and complex plasmonic resonators [5] , local fluorescence lifetime imaging [45] , nanoscale coupling of single emitters to optical [1, 2, 46] or mechanical [3] resonators, and quantum optics with surface plasmons through accurate tip-launching [47] of single plasmons, i.e., quantum plasmonics [5, 6, 7] .
IV. APPENDIX A: NEAR-FIELD PROBE FABRICATION
The tapered fiber tips are prepared using the tube-etching method [48] which works as follows: First, the pure-silica core single mode optical fiber (fiber S405, Thorlabs) with its plastic cladding is dipped into a HF solution bath. The chemical etching of silica, which lasts for several 10 minutes, is assisted by HF convection in the region separating the plastic cladding from the silica part. The residual plastic cladding is finally removed using acetone.
The result is a conical fiber probe with a full apex angle α ≃ 16
• . The final curvature radius of the fiber tip apex is typically 30 nm.
In order to graft a diamond nanocrystal (functionalized with COOH carboxylic groups) on the fiber probe we dip the tip into a positively charged poly-l-lysine solution (molecular weight 30000 -70000 u) for ten minutes. The tip is then retracted from the bath at the velocity 100 µ/s. This polymer is thus used in situ during the NSOM experiment to fix a nanodiamond as explained in section 2.
V. APPENDIX B: SECOND-ORDER CORRELATION FUNCTION [FIGURE 2C]
The color center considered in the article is an electrically uncharged Nitrogen Vacancy (NV) defect in diamond (i.e. NV 0 ). For the present purpose, the energy level structure of NV 0 is well described by a two-level system [|e ,|g ] completed by a metastable state |m [23, 24, 32] . Optical transitions occur between the ground |g and the excited |e states and |m plays the role of an optical dark state with very low probability k mg to relax to |g . In the following we will however ignore the dark state and we will treat the system as an ideal two-level oscillator. Neglecting quantum coherence [49] (this is justified since at room temperature non radiative transitions between energy vibration sublevels break the quantum coherence) between the different energy levels the dynamics of the NV color center can be solved using the rate equations:
where p i are the population of the i level (p e + p g = 1) and k ij the transition rates [50] .
The initial conditions, corresponding to the system in its ground state at time τ = 0, are written p e = 0, p g = 1 and lead, after solving the differential equation 1, to the second order correlation function [50] :
At t = 0 equation 2 fulfills the condition g (2) (0) = 0, i.e. non classical antibunching, which characterizes the one by one single photon emission process.
Importantly, due to the presence of random coincidences caused by the background light, the second order coincidence function C N (τ ) =
(N is the single particle rate in count per seconds (cps)), deduced from the photon counts recorded with the Hanbury Brown and
Twiss correlator, see Figure 1 , contains an additional contribution to g (2) (τ ). We remind that the normalized correlation C N (τ ) is connected to the histogramm of coincidences c(t)
given by the correlator by : 
where ρ = S / (S + B) is the signal to signal plus noise ratio [23, 24, 32, 33] (assuming a
Poisson statistics for the noise). In order to renormalize the correlation function one must thus know the value of ρ. In our experiment the noise due to the substrate and optical fiber fluorescence can be determined before attaching the nanodiamond onto the tip apex. This experimentally leads to a value ρ 1 ≃ 0.8 and thus to a corrected C N (τ ):
This should, ideally, equal the signal correlation function g (2) (τ ) given by equation 2 if ρ 1 = ρ. However, because the nanodiamond crystal itself fluoresces we have ρ 1 > ρ and we obtain a small disagreement between C N (τ ) and g (2) (τ ) given by :
In particular we have C N (0) = 0 which explains the residual correlation observed at τ = 0 shown in Fig.2 .
In order to fit and reproduce the experimental data we used ρ 2 ρ 2 1 = 0.9 and (k eg + k ge ) −1 = 9 ns which give the red curve in Fig.2 . For these values we obtain C N (0) = 0.1 in agreement with previous observations [32] . Remark that the rate k eg + k ge is the sum of the radiative k eg and pumping k ge rates. It is therefore not possible to simply identify (k eg + k ge )
with the NV color center lifetime k
eg . The pumping rate is obtained using the condition N = η · k eg p e (+∞) = ηk eg k ge /(k eg + k ge ) with N ≃ 9 kcps the average photon rate on the amplified photon detector (APD), and η the total collection-detection efficiency of the whole optical setup including the APD. Considering the properties of the different elements of our setup we estimate η = 1%. This leads to k eg ≃ 10 − 20 ns) for the considered nanodiamonds [7, 22, 23, 32] . More studies have however to be done to understand precisely the quantum efficiency of our single photon source. The optical resolution of aperture near-field optical microscopy is intrinsically limited by the geometrical diameter of the hole located at the apex of the probe. To simulate the optical field generated by such NSOM tips we here use the method developed in refs. [35, 39] . More precisely, we assume that the electric near-field in the vicinity of the aperture is equivalent to the one created by a linear distribution of charge located along the aperture rim with an azimuthal dependence σ(φ) = σ 0 · cos (φ),
where φ is the azimuthal angle in the aperture plane relatively to the linear polarization of the incident light [35, 39] . In order to mimic what happens during a typical scan of a sample below the NSOM tip we calculate the field generated by the charge distribution
given by Eq. 6 on a fluorescent emitter located in front of the tip at a constant height h.
We show in Fig. 4 the power radiated during the scan by such an emitter that we suppose isotropical for simplicity (such assumption is justified if one uses for example a fluorescent latex nanosphere as typical emitter [39] ). The two-lobe signal is a direct signature of the ring-like charge distribution as confirmed by earlier experiments [39] . We compare this result with the prediction given, in the same conditions, by a simple point-like dipole which mimics the optical behavior of our NV-center based probe (see Fig. 4 ). The differences are very significant due to the complexity of the optical near-field generated by the aperture NSOM compared to a single-dipole electric field. For this reason, the spatial resolution of our single photon near-field microscopy is ultimately only limited by the height h as can be seen by comparing Fig. 4 a and b . This is clearly not the case with an aperture NSOM tip.
VII. APPENDIX D : SINGLE PHOTON NEAR-FIELD MICROSCOPY
The typical time between two successive photon emissions is given by the excited-state lifetime τ . During this lifetime a photon propagates over a maximum distance of cτ = 3 − 6 m (c = light celerity) which is by orders of magnitude larger than any scale of the scanned image. Going back to the correlation function in Figure 2c , it is thus clear that at the time T = L/c, where L is a characteristic propagation length of the photon in the imaged structure (in the nanometer or micrometer range) g (2) (T ) is practically equal to zero. Since g (2) (T )
represents the conditional probability to detect a second photon at time t + T provided that a first one has already been recorded at time t, normalized to the single photon detection probability at time t [50] , the small value of g (2) (T ) confirms that only one photon at once
